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Abstract

An intelligent payload concept is described that processes RF
lightning signal data onboard the spacecraft in a power-aware
manner while remaining sensitive to the mission goals. This
resource-critical technology of onboard processing is
addressed through the concept of Algorithm Power Modulation
(APM). A straightforward APM decision procedureis provided
as an example of implementing APM for this application.

1. INTRODUCTION

Our objective is to maximize capability and performance of remote-
sensing satellites through smarter use of processing resources.
With a limited power budget, traditiona power management
drategies make dgnificant onboard processng impractical.
Conventional spacecraft architectures only collect raw data, leaving
processing tasks to be performed on the ground. By enabling
onboard processing, it is hoped to quickly provide accurately
processed, field-usable data to the end-user. However, in this
resource critical problem, a smarter distribution of power resources
is essentidl.

We are developing a power management design paradigm for
intelligent, next-generation processing payload systems through the
unique concept of Algorithm Power Modulation (APM). With
APM, a spacecraft payload processor can operate at multiple levels
of power consumption in a power-aware manner while remaining
sensitive to the mission tasks. Through judicious sdection of the
processing dgorithms, data can till be processed onboard at some
level of accuracy even during periods of low power availability.

In this paper, we describe a power-aware processing payload
concept that utilizes APM to process smulated orbita lightning
sgna data This application is focused on improving detection
capability through accurate, post-trigger processing. A
straightforward APM decision procedure for this application is
discussed.

2. BACKGROUND AND MOTIVATION
Advances in eectronics technology have produced multiple modes
of processing operation. A processor can operate in different
modes at varying levels of power consumption; for example, the
IBM PPC750 266MHz processor has 5 typica modes of operation
that range from 30mW to 57W [1]. Mogt notably, multiple
operational modes are commonplace in ordinary laptop computing to
conserve battery power while disconnected from an externa power
outlet.

A recent area of power research, sponsored by the Defense
Advanced Projects Agency (DARPA) Power Aware
Computing/Communications (PAC/C) program, is focused on
developing intelligent, power-aware systems [2]. This research is
based on the premise that systems aware of their own power usage
can make better use of the available power resources. A system
aware of its power consumption can dynamically adjust processing
frequency, voltage, and workload tasks to change the operational
mode.

Although intelligent power management has been a cutting-edge
research topic in recent years for ground-based, mobile computing
systems, it ill remains largely unexplored for spacecraft
applications. Exigting satellite power management strategies are not
flexible enough to take full advantage of these emerging processing
technologies.

Spacecraft power is traditionally handled onboard using static, non-
intdligent designs. The conventiona strategy is a basic binary
approach:  a subsystem is either on or off. Simplified, onboard
Boolean logic protects against power system faults. During severe
power-constrained or unexpected conditions, such as eclipse or
partial solar panel failure, non-critical subsystems may be turned off
altogether.

Under such circumstances, payload subsystems are typicaly the
first to be turned off. Although essential to the mission objective,
the payload is not necessary for spacecraft survival. This
operational paradigm can result in a loss of vital data a a crucia
moment.

Additionaly, payload instruments are providing significant increases
in resolution while at the same time generating larger amounts of
raw data. The power and latency costs in transmitting and
processing this bulk data to the end-user can be significant.
Currently, delays of days to weeks can be experienced before the
datais received by the appropriate agency, processed into a human-
usable format, and finally transmitted to the end-user.

Enabling onboard processing can improve detection capability,
enhance satellite response performance, and increase data quality
transmitted to the ground. Onboard, layered processing techniques
can extract or flag significant features in the raw data sets to speed
up and supplement a ground-based analysis.

However, the traditional satellite power management paradigm does
not utilize multiple modes of hardware operation that can maximize
spacecraft capability and performance. Our research focuses on
developing a processing payload system that executes signd
processing tasks in-situ based on the available resources while
remaining sensitive to the mission objectives.
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Figure 1. Algorithm Parameter Estimation Performance

3. A POWER-AWARE, PROCESSING

PAYLOAD CONCEPT

We have chosen an application similar to the Fast On-Orhit
Recording of Transent Events (FORTE) satellite mission to
demonstrate APM. A primary objective of FORTE is to detect
the Radio-Frequency (RF) signd of lightning events in the Earth’s
atmosphere [3]. Orhital monitoring of globa lightning conditions
can help to provide severe storm warnings™. The speed at which
a severe storm warning can be issued is related to how accurately
the lightning signals are detected and how quickly the dtais
returned to the ground and analyzed.

Asreceived on-orhit, the RF lightning signal is a“chirp” waveform
amidst a noise of anthropogenic signals. The chirp signd is a
result of the frequency dispersion experienced during propagation
through the ionosphere. An andog trigger box provides multiple
channdls of sub-band filters that attempt to detect the presence of
alightning event. FORTE does not have the capability to process
this data onboard and, hence, stores only raw data for downlink.
The existing RF payload can miss true events through improper
setting of the sub-band filter detection thresholds. It is envisioned
that the onboard processing techniques enabled by APM will help
to minimize missed events and reduce the probability of fase
darms in the next-generation FORTE RF payload.

Sponsored by the DARPA PAC/C research program, we have
targeted the Power Aware Multiprocessor Architecture (PAMA)
hardware to demonstrate and evaluate APM technology with this
FORTE application. PAMA is a 4node, multiprocessor board
under development by the Information Sciences Institute [4].

' The monitoring of lightning is of particular interest to many
weather service agencies. Advance notice of severe storm
conditions is important to protect against loss of life and

property.

In [5], we first summarized this project and described 4 signa-
processing agorithms that would process the smulated RF data.

The 4 dgorithms include a Least-Mean-Squares (LMS),
Maximum Likelihood (ML), Software Trigger (ST)?, and a bank of
Matched Filters (MF). These algorithms are used to estimate the
primary parameters of interest from the chirp signd, namely, the
Totd Electron Content (TEC) and Time-Of-Arrival (TOA).

An dgorithm power experiment was performed on a PPC750
266MHz test-bench provided by the Jet Propulsion Laboratory as
pat of the PAC/C effort. The result was a 10° order of
magnitude difference in power consumption (energy)® between
the 4 agorithms.

These 4 algorithms have since been exercised via Monte Carlo
testing with the smulated data. Using the Root-Mean-Squared
(RMS) error as a metric of performance, these performance
values were correlated with the energy measurements. The
agorithms outline a decaying exponentia profile with an increase
in energy expended (see Figure 1).

The selected algorithms can be used for a post-trigger processing
analysis to readjust detector threshold settings based on the
incoming signa data The Recever Operator Characteristic
(ROC) curve defines the detection relationship between the
probabilities of false alarms vs. detection (of a true event). Once
the threshold settings are selected, the detector ROC operating
point is fixed: a defined probability of false alarms must be
accepted for a desired probability of detection. Through onboard,
post-trigger processing of the incoming data, the thresholds can be
adjusted to reduce the probability of false darms (see Figure 2).
Concurrent research is being performed to quantitatively evaluate
this post-trigger processing technique [6].

2 The ST performs multiple, short FFTs on the signal data.

3 In our terminology for this paper, “power consumption” implies a
time duration over which the power is consumed, not an
instantaneous measure, e.g., Watts. Power consumed over time
is expressed as energy, e.g., Joules.
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Figure 2. Power-Aware, Post-Trigger Processing Threshold Adjustment

The heart of APM is a decision process that determines which
signa-processing algorithm to execute based on the available
resources. Each agorithm has an associated cost of energy and
accuracy to execute. Combined with the available power and the
incoming event rate, these algorithm performance parameters
define the decision trade-space.

4. AN APM DECISION EXAMPLE

As an example, we will examine a straightforward decision
procedure that implements APM for a smplified model of our
application. In this exercise, we assume a single processor, similar
to that used in the JPL power experiment. This processor can
execute the chosen LMS, ML, ST, and MF dgorithms as
described in the previous section with the given performance
illugrated in Figure 1. For smplification, we will neglect the
detection threshold problem explored in [6], and instead focus on
accurate parameter estimation.

We adopt the operationa perspective of running one agorithm
over a specified time interval T. The number of times an
dgorithm i, with execution time t', can execute in period T is
denoted asn'.

n' &)

T

" -
Note that we are assuming a constant execution of agorithm i
throughout time period T.

The power is congtrained by the limitation of the spacecraft power
source. Exceeding the available capacity can result in shutting off
the payload. This capacity changes with time over the orbit. If
we dvide up the orhit into T periods, C denotes the capacity for
this period. Equation 2 illustrates the power constraint that must
be satisfied for dgorithm i, with instantaneous power dissipation

p.

pTEC ©

An additiona congraint is determined from the incoming event
rae. The number of lightning events occurring in period T is
dependent upon an average rate of events Rag. If No events are
to be logt, the chosen dgorithm must satisfy the following
constraint:

n'3R,T ®

In other words, the number of times agorithm i executes must be
greater or equd to the number of events. It isimplicitly assumed
that the processor must process each event at least once and be
ready to process the event asit occurs.

The objective is to determine agorithm i that has the minimum
associated error, €, subjected to the congtraints given by equations
2and 3. A gtatement of this problem isillustrated by the following
for k total agorithms:

Given Rag T, C,and pl
fori=1,2,3,...,k
Determine mi n{ei }
in
Sdistying T £ mlnl— —[V)

If C and Rayg remain fairly constant over the orbit, the solution is
straightforward. In such a casg, it is a Simple matter to select
apriori which agorithm is appropriate. Since there are only 4
algorithms, an exhaustive search method can be easly
implemented over the specified T intervals. This could be
construed as a traditional, ground-based operational approach:
predict the given parameters and schedule the appropriate
algorithm over the specified time period. If an unpredicted,
deleterious change in power occurs, the onboard logic will shut
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down the payload. Operators will then command a system restart
when possible.

The cost in this approach is in the time taken for operator
response. There are associated communication delays based on
the orbit and ground station locations. Often, ground operators
issue new commands based on information delayed by a few
orbits. When the payload is shut down, the number of events
missed could be significant.

Additiondly, both C and Rag do not remain constant for this
application. FORTE itself experiences a wide variation from a
maximum pesk of 325W [3] to an orhitd daily average of 55W
[7]. Experiments in opticd lightning doservations report widely
varying global flash rates between 40 flashed/sec. to 120
flashes/sec. [8], [9], [10]. The lightning event rate*, as observed
by FORTE, has a median of 2 events/flash and a maximum of 20
events/flast’.

It is evident that, due to the variable nature of the power and event
rate conditions, the onboard decision process must measure the
available power and event rate, and then select the algorithm
with the least amount of error that satisfies these conditions.

5. CONCLUSIONS

We have described a processing payload concept utilizing the idea
of Algorithm Power Modulation. The payload is modeled after the
FORTE saellite mission of detecting lightning events in the
Earth’'s atmosphere.  APM can be used to enable onboard
processing of these frequency-dispersed signals.  Detector
threshold settings can then be adjusted based on the processed
signals to improve detection performance. This is accomplished
by operating in multiple modes of operation through selection of
the appropriate signa-processing agorithm. Each agorithm has
an associated level of parameter estimation accuracy and power
consumption.

As an initid exploraion, a smplified decison procedure to the
APM concept is presented. This procedure is developed from the
perspective of operating one algorithm for specified time intervals
of the spacecraft’s orbit. Two primary constraints were illustrated
based on the available power capacity and the desired mission
objective of not missing any events. Due to the highly variable
nature of the power and event rate conditions, it is concluded that
the system should measure the available power and event rate,
and then select the agorithm with the least amount of error that
satisfies these constraints.

It is hoped that our work will lead to enabling onboard processing
in remote-sensing sadlites to improve detection capability,
enhance satellite response performance, and increase data quality
transmitted to the ground. Through APM, we am to manage
onboard processing resources in a nore intelligent manner than is
currently employed in conventional designs.

4 A single opticd lightning flash may consist of multiple events
observable by examining the RF spectrum.

® These event rates were obtained in conversation with Dr. Tracy
Light, LANL NIS-1. Dr. Light participatesin analyzing FORTE
lightning signdl deta.

6. ACKNOWLEDGEMENTS

This effort has been sponsored by DARPA through the Air Force
Research Laboratory, USAF, under agreement number F30602-
00-2-0548. We are grateful to Dr. Tracy Light, LANL NIS-1 for
her insight into lightning event rates and to Dr. Simon Perkins,
LANL NIS-2for his operational APM perspective.

7. REFERENCES

[1] PowerPC740 and PowerPC750 Embedded Microprocessor:
Hardware Specifications. http://www-3.ibm.com/chips/
techlib/techlib.nsf/techdocs/8CAAF8D73C47F5B587256A09
00630F73/%$file/7xxp8t_em_hw2-99.pdf

[2] http:/Avww.darpa.mil/ipto/research/pacc/index.htm

[3] Roussel-Dupré, D. Klinger, et al. “Four Y ears of Operations
and Results with FORTE.” Proceedings of the AIAA Space
2001 Conference. AIAA-2001-4627.

[4] http://www.east.isi.edu/projects PAMA/

[5] Shriver, Patrick M., Maya B. Gokhale, et al., “A Power-
Aware, Satellite-Based Parallel Signa Processing Scheme,”
Power Aware Computing. Eds. Robert Grayhill and Rami
Melhem. New York: Kluwer Academic/Plenum Publishers,
2002. Ch. 13: 243-259.

[6] Briles, Scott, Patrick Shriver, et ., “Power-Aware
Improvement in Signd Detection.” To be published in
Proceedings of the Internationd Signal Processing
Conference 2003.

[7] http:/imww.forte.lanl.gov/nis-projects/fortefintro.html

[8] Driscoll, Kevin. “White Paper on Lightning Detection from
Space.” http://thunder.msfc.nasa.gov/
bookshelf/docs/white_paper_driscoll.html

[9] Goodman, Steven J. and Hugh J. Christian. “Global
Observations of Lightning.” Atlas of Satellite Observations
Related to Global Change. Eds. R. J. Gurney, J.L. Foster,
C.L. Parkinson. New York: Cambridge University Press,
1993. 191-219.

[10] Turman, B. N., and B. C. Edgar. “Globd Lightning
Distributions at Dawn and Dusk.” Journal of Geophysica
Research. 87.C2 (1982): 1191-1206.

LA-UR-02-7779



